| INTRODUC TI ON
In spite of generally accepted structural simplicity, cnidarians display amazing diversity of morphological organization, modes of life cycles, reproduction and development, etc. (Brusca & Brusca, 2003) .
Hydrozoans among cnidarians are notable for a remarkable variety of embryonic and early post-embryonic modes of development. In most cases cleavage is total and subequal with unilateral cleavage furrow during first cell divisions, leading to blastula or morula formation; gastrulation occurring practically in all known patterns except invagination (unipolar and multipolar migration, simple (primary), secondary (morular) and syncytial delamination, epiboly) (Bouillon, Gravili, Pages, Gili, & Boero, 2006; Ivanova-Kazas, 1995) . That is why hydrozoans attract attention of comparative developmental biology investigations.
Progress of Evo-Devo requires broad phylogenetic sampling providing the data for comparative analysis as well as new objects suitable for experimental investigation.
Representatives of the early-branching animal phylum Cnidaria and particularly hydrozoans draw great attention due to the high diversity of embryonic and postembryonic development and life-cycles in general. Most detailed studies on embryonic development in hydrozoans were performed on the species shedding their gametes with subsequent embryo development in the water column. Widely distributed thecate hydrozoan Gonothyraea loveni broods its embryos within reduced medusae attached to the colony until development of a free-swimming metamorphosis competent planula-larva. In the current essay we present a detailed description of G. loveni embryonic development based on in vivo observations, histology, immuno-cytochemistry, and electron microscopy. Starting from early cleavage, the embryo becomes a morula without any sign of blastocoele. Gastrulation proceeds as mixed delamination and ends with parenchymula formation. The first morphological sign of primary body axis appears only in the beginning of parenchymula-preplanula transition. In mature metamorphosis competent planula only the cells of the oral two-thirds of endoderm retain proliferative activity resulting in accumulation of great number of i-cells and nematoblasts, which can be used during metamorphosis accompanied with essential reorganization of larval tissues. G. loveni demonstrates the diversity as well as evolutionary plasticity of hydrozoans development: in brooding hydrozoans embryonic and larval development is highly embryonized in comparison with the spawning species with free-swimming embryos.
K E Y W O R D S
brooding hydrozoans, embryonic development, embryonization, gastrulation, morula Certain features intrinsic to thecate (Leptothecata) hydroids (exclusively modular organization, presence of rigid outer skeleton surrounding all types of zooids, mode of colony arrangement and growth, sophisticated metamorphosis of planula-larva into the primary polyp) draw attention to this group. During recent decades, thecate Clytia hemisphaerica became a new model organism for developmental biology due to the adjusting of cultivation procedure and establishing of the laboratory cultures . This allowed detailed investigation of all stages of complex life cycle including development of free-living medusae, gamete maturation, early stages of embryogenesis and so on (Chiori et al., 2009; Forêt et al., 2010; Leclère et al., 2012; Momose, Kraus, & Houliston, 2012) . Nevertheless, the comparative studies need data from a wider range of hydrozoan species with different features of embryonic and post-embryonic development and life-cycles in general.
The widespread thecate hydrozoan Gonothyraea loveni attracts attention of investigators for a long time (Allman, 1871; Berrill, 1949b; Goette, 1907; Nutting, 1915) . It has biphasic life cycle with two stages: sessile polypoid colony and free-swimming planula-larva.
In G. loveni the medusa stage producing gametes is reduced to attached medusoid developing within gonophores on polypoid colony.
Male gametes are released into the water. Fertilization and embryonic development resulting in planula-larva development take place in female medusoids. Planula-larva escapes from medusoid and after the certain period of swimming in the water column sinks to the substrate in search of the appropriate place for settlement. Afterwards, it attaches by the aboral end to the substratum and metamorphoses into a primary polyp giving rise to a new colony (Marfenin & Kosevich, 1984a ).
Due to a wide range of studies we know in details the histological organization of the main colony elements in G. loveni (Polteva, 1981 (Polteva, , 1996 Polteva, Donakov, & Aizenshtadt, 1987) , morphogenesis of it colony elements (Beloussov & Dorfman, 1974; Berrill, 1949a Berrill, ,c, 1950 Kosevich, 1990 Kosevich, , 1991 Kosevich, , 2006b , and understand principles of colony development and growth (Kosevich, 2013; Marfenin & Kosevich, 1984a,b) . At the same time, the embryonic development of G. loveni is studied fragmentary and only on the bases of light microscopy (Krauss & Rodimov, 1999; Polteva & Aizenstadt, 1980; Wulfert, 1902) . As opposed to model hydrozoans Hydractinia echinata, Podocoryne carnea and Clytia hemisphaerica, this species is known to brood its embryos until planula-larva. During early embryonic development, there is no blastula stage (a hollow sphere of cells surrounding an inner cavity-the blastocoele) and cleavage ends with formation of morula (a solid ball of cells without inner cavity). Therefore, gastrulation occurs via secondary (morular) delamination-segregation of the outer cell layer and inner cell mass.
Thereby, this widespread species is of certain interest for comparative analysis of developmental processes in hydrozoans and as a potential model organism with embryonic development different from its close relative C. hemisphaerica. In the latter the zygote develops in the water column passing through the hollow blastula stage and gastrulation via unipolar cell ingression (localized ingression of cells into the inner cavity out of the blastula wall from the oral pole.
Absence of the detailed description of embryonic and early postembryonic development for G. loveni based on modern techniques hampers further comparative investigation of embryonic development within hydrozoans.
In the present essay we performed a detailed study of G. loveni embryonic development up to formation of the metamorphosiscompetent planula-larva. On the bases of morphological, ultrastructural and immunocytochemical data we sorted out the main stages of G. loveni embryonic development and characterized cellular behavior underlying morphogenetic processes.
| MATERIAL AND ME THODS

| Animals
Gonothyraea loveni (Allman, 1859 ) is a dioecious thecate species with a bell-shaped hydrotheca surrounding each hydranth. During
The life cycle of the marine hydrozoan Gonothyraea loveni. Benthic gonochoristic polyp colonies consist of feeding polyps-hydranths (h), and gonangia (g)-reproductive structures with developing medusoids (m) (the size of the hydranth is about 1 mm). The gametes develop within the medusoids. Upon eversion of medusoids from gonangium the male gamets are shed into the water and pass into the female medusoids with mature oocytes. Fertilization and embryo development takes place in medusoid. Completely developed planula-larva escapes from medusoid for a short free-swimming planctonic period. On finding appropriate substrate planula settles down and transforms into a primary polyp, the founder of a new polyp colony the period of sexual reproduction, the colonies form gonangia (reproductive structures), where medusoids (reduced medusae stage) develop ( Figure 1) (Cornelius, 1982; Marfenin & Kosevich, 1984a) .
The work was done at the N.A. Pertsov White Sea Biological Station (M.V. Lomonosov Moscow State University) (Kandalaksha Bay) (66°340 N, 33°080 E). The cultures of animals, started from the material collected in the lower intertidal zone, were kept in the laboratory in filtered natural seawater at 12°C and fed daily with Artemia salina nauplii.
Shoots of the colony with developed gonangia were cut off the colonies and kept in glass bowls with filtered natural seawater at 12°C. For experiments with fertilization the female and male gonangia with immature medusoids were kept separately in Millipore filtered (Millipore Millex-GP, 0.22 μm) sea water until maturation (1-2 days).
Gonangia with female medusoids on different stages of maturation were placed in the bowl containing mature male medusoids. The presence of active spermatozoa was checked under the microscope.
| Time-lapse recording
For time-lapse micro-video recording, the shoots with gonangia and medusoids with embryos at the stage of interest were places under the stereo microscope in flowing and temperaturecontrolled water. The time-lapse recording was performed with the digital camera SCOPETEK DCM-310 with 1-2 min intervals.
Time-lapse images were gathered with Vegas Pro (Version 8.0a, Sony) software.
| Light and electron microscopy
For light and electron microscopy samples were fixed overnight at 4°C in 2.5% glutaraldehyde in phosphate buffer with addition of NaCl (pH 7.4; 0.83 Osmol) (Millonig, 1964) , and postfixed in 1% OsO4 in the same buffer (1 hr, room temperature, RT). After washing with the same buffer, the specimens were transferred through an ethanol series and stored in 70% ethanol at 4°C. Further preparation included dehydration in an ethanol series and acetone, and embedding in Araldite502/Embed-812 embedding media (Electron Microscopy Sciences, Cat #13940). Semithin (1 μm thick) and ultrathin (60-80 nm) sections were cut with a Leica EM UC6 ultratome (Leica, Germany).
Semi-thin sections were stained with a mixture of toluidine blue and methylene blue (Mironov, Komissarchik, & Mironov, 1994) and studied with a Zeiss Axioplan2 microscope equipped with an AxioCam HRm digital camera or with Leica DM5000 microscope equipped with Leica DFC420C (5.0MP) digital camera. The postprocessing of the data and the projections with greater focal depth were made by using LAS V.3.6.0 software (Leica).
Ultra-thin sections were stained with uranyl acetate followed by lead nitrate and examined with JEM-1011 JEOL and JEM-100 B-1 JEOL transmission electron microscopes (JEOL, Akishima, Japan).
Specimens for SEM were dehydrated in ethanol series and acetone, critical point-dried, mounted on stubs, sputter coated with platinum and palladium, and viewed with CAM SCAN-S2 (Cambridge Instruments, Cambridgeshire, UK) and SCAN JSM 63 LA (JEOL, Tokyo, Japan) electron scanning microscopes.
| Immunocytochemistry
For immune-cytochemical visualization embryos and planulae were fixed with 4% paraformaldehyde (PFA; Fluka, Germany) in phosphate-buffered saline (PBS; Fluka, Germany) at 4°C overnight. Before immunocytochemical staining, the fixed material was rinsed three times for 15 min each with PBS, then washed twice with 0.1 M glycine for 30 min each and permeabilized with 0.1% Triton-×100 (Ferak Berlin, Germany), 0.05% Tween 20, and 0.1% NaN3 (Sigma) in PBS (PBT)-three times for 10 min each. Specimens were then treated with blocking solution (BS) (1% BSA, 0.1% cold fish skin gelatine (Sigma), 0.5% Triton X-100, 0.05% Tween 20, and 0.05% sodium azide in PBS) triply for 1 hr each time before they were incubated for 60 hr at 4°C with the appropriate primary antibodies diluted in BS.
The primary antibodies used were anti-tyrosine α-tubulin (mouse monoclonal, 1:2,000; Sigma Cat #T9028, USA) and anti-acetylated α-tubulin (mouse monoclonal, 1:2,000; Sigma Cat #T6793, USA) in 1:1 mixture.
After incubation in primary antibodies samples were washed four times for 3 hr each time in BS, and incubated for 60 hr at 4°C with a 1:500-1:1,000 dilution of Donkey Anti-Mouse IgG Antibodies labeled with Alexa Fluor 488 (Molecular Probes, Cat #A21202). After F I G U R E 2 Female (a) and male (b) gonangia of Gonothyrae loveni. Gonozooids (gz) (reproductive zooids of the colony) with developing medusoids (m) are surrounded with protective skeleton-gonotheca (gt). Medisoids with mature oocytes or sperm evert from gonotheca and sperm is shed into surrounding water. The contents of male medusoids with immature sperm is vitreous, that after sperm maturation became milky. Arrowheads point to the nuclei of oocytes. Scale bars 0.5 mm 
Afterwards, the specimens were processed according to the manufacturer's protocol. Following the Click-iT protocol, animals were labelled with antibodies, additional fluorescent stains and nuclear stains according to the described protocols.
Negative controls included specimens processed without incubation in primary antibodies or EdU. The autofluorescence control was prepared without addition of fluorochrome (secondary antibodies). Negative controls revealed no unspecific labelling.
Specimens were examined with a Nikon A1 confocal microscope (Tokyo, Japan) (White Sea Biological Station, Russia). Z-projections were generated using the programs NIS-Elements D4.50.00 (Nikon) and Image J V. 
| RE SULTS
Final stages of growth and maturation of oocytes and sperm take place in medusoids within gonangium (Figures 1 and 2 ) (Aizenshtadt & Polteva, 1981) . Medusoid buds develop sequentially over the gonozooid in the course of gonangium growth with elder medusoids located distally (Berrill, 1950; Goette, 1907; Marfenin & Kosevich, 1984a) . During oocyte growth its nucleus is clearly visible and resides practically in the center of the oocyte (Figure 2a ). The oocytes (Figure 7e,f) . These cells possess few cytoplasmic organelles within small amounts of dark granulated cytoplasm and correspond to i-cells (Martin, 1988 (Martin, , 1990 . Quite often such cells on the lateral sides of the embryo are located between the ectoderm and endoderm layers within the mesoglea gap (Figure 7g,h ).
According to EdU labeling during the first step of parenchymulapreplanula transition (24-37 hpf), more than 30% of ectodermal cells with apically located nuclei keep proliferative activity which is F I G U R E 8 Gonothyraea loveni embryo during transition from parenchymula to preplanula stage (37-70 hpf), segregation of the endodem. (Figure 8h ). Yet proliferation continues within the entire endoderm with the same intensity (Figure 6d ). (Figures 6f and 10h ).
After swimming for several hours in the water column, planula comes in a contact with the substrate and swims along it in search of the place for attachment and metamorphosis. So at this stage, the larva can be called the metamorphosis-competent planula.
| D ISCUSS I ON
| Embryonic development
On the basis of our data, we reconstructed the whole sequence of normal embryonic development of G. loveni (Figure 11 ).
Final maturation of the oocytes takes place within medusoid that corresponds to the data on other hydrozoans species (Goette, 1907; Weismann, 1883) . In spawning species, the mature oocytes are released into surrounding water while in G. loveni the mature oocytes segregates from the medusoid tissues but stay within it (Polteva & Aizenstadt, 1980) and further development up to the planula-larva takes place within the medusoid cavity lined by epiderm.
Our laboratory experiments revealed that final maturation of the oocyte takes place within 2.5 hr after medusoid eversion from gonangium and fertilization is possible one hour later. That is in agreement with the data of Dementjev and Minichev (1985) on G. loveni from the White Sea but differs from the data on G. loveni from the Black Sea where final maturation of oocyte and fertilization take place at the moment of medusoid eversion from gonangium (Dementjev, 1989) . Other authors working with G. loveni from the White Sea stated that the fertilization and the beginning of embryonic development take place while the medusoid is still within the gonotheca (Aizenshtadt & Polteva, 1981; Polteva & Aizenstadt, 1980) . This can reflect high variability of oocyte maturation and early embryonic development of this species. However, we never observed developing embryos within gonothecae either in the material collected in the field or maintained in the laboratory. Moreover, fertilization of the oocyte within gonangium puts a question on the sperm penetration into the gonangium which orifice is covered with uninterrupted tissue prior medusoid eversion.
In present essay, the cleavage in G. loveni starts about 3 hpf that is later than in most other known hydrozoans species (Kraus et al.,
Schematic representation of Gonothyraea loveni embryonic development. Numbers below axeshours past fertilization 2014; Martin & Thomas, 1983) . Even for the G. loveni from the Black Sea the cleavage stats in 0.5-1.5 hpf (Dementjev & Minichev, 1985) .
It is quite probable that it is due to the relatively low temperature of development that corresponds to natural environments.
The mode of cleavage observed in our essay corresponds in general to that described in details by Krauss and Rodimov (1999) and that can be considered as "typical" for hydrozoans. As it was described previously for certain hydrozoan and antozoan speices (Fritzenwanker, Genikhovich, Kraus, & Technau, 2007; Kraus et al., 2014; Wulfert, 1902) , the cytokinesis in G. loveni embryo often delays during the first two to three rounds of cleavage leading to incomplete separation of blastomeres. Perhaps variability of cleavage pattern, blastomeres active movements and incomplete cytokinesis during early cleavage stages can be a characteristic feature for the cnidarians species brooding embryos. Nevertheless, there are studies on hydrozans early development describing other modes of cleavage (e.g., Brauer, 1891; Harm, 1903; Lowe, 1926; Martin & Thomas, 1977; Wasserthal, 1973) .
Our data showed that in G. loveni cleavage divisions remain synchronous up to the 64-128 cells stage or even later with unilateral furrows starting from the inner surfaces in blastomeres of the outer layer. The loss of synchronism of cleavage corresponds to the attainment of morula stage. That contradicts previous observations that only first four divisions proceed synchronously with unilateral furrows (Dementjev & Minichev, 1985) . However, these authors also state that at the cleavage ends with 128-cells embryo reaching morula stage and germ layers start differentiation.
In G. loveni gastrulation (Figure 11 ) is realized by epithelization of the outer cell layer of the morula initialized in several points. So gastrulation pattern should be regarded as secondary (morula) delamination (Wulfert, 1902; Dementjev & Minichev, 1985; Polteva & Aizenstadt, 1980) . But our data revealed that primary (cellular) delamination accompanies the secondary delamination. So mixed delamination should be regarded as the general mode of gastrulation in G. loveni.
Most of the researchers working with brooding hydrozoan species or species with motionless embryos marked high degree of variability of the early cleavage pattern (Dementjev & Minichev, 1985; Kraus & Cherdantsev, 2003; Rodimov, 2005; Tardent, 1978; Wulfert, 1902) . This variability rests on high motility of blastomeres, which in turn is coupled with the lack of any fertilization membrane surrounding the embryo and weak inter-blastomeres Variability of cleavage pattern leads to certain variability of blastomeres packaging in pre-gastrulation stages that affect the modes of gastrulation. That is one of the possible reasons why Wulfert (1902) described different modes of gastrulation in G. loveni under "uncrowded" and "crowded" conditions. Cleavage mode of G. loveni also fits the idea proposed by Zakhvatkin (1949) that development within the limited space disturbs and changes the regular pattern of cleavage, that might lead to the evolutionary origin of a morula-the embryonic stages without any sign of the blastocoele.
In spawning species with free-swimming regular blastula developing in the water column, the precise pattern of cleavage and early morphological differentiation of oral-aboral axis is essential for embryo survival (Fritzenwanker et al., 2007; Houliston et al., 2010; Momose & Schmid, 2006) . In the case of G. loveni development, there is no need in precise spatial organization of the blastomers during early embryonic stages. Moreover, first flagella in G. loveni embryos appear only at the onset of gastrulation and only metamorphosis competent planula-larva starts moving.
One of the intriguing points is the development of the pseudostratified columnar epithelium of parenchymula (Polteva & Aizenstadt, 1980) . With the onset of gastrulation, the nuclei of the fu- Gonothyraea loveni displays various cleavage patterns, in any case leading to the invariant morula stage and parenchymula development. Different environmental conditions (e.g., temperature, salinity) can affect certain parameters of cleavage but cannot change the general sequence of early development passing through morula, parenchymula and planula stages. So the example of G. loveni supports the idea that during embryonic development multiple developmental trajectories pass through nodal stages (Dorfman & Cherdantsev, 1977) leading finally to the same final stage (Kraus et al., 2014) .
| Polarity (primary body axis formation)
The primary polarity of G. loveni oocyte which was established during oogenesis becomes apparent to the naked eye after everting of medusoids from gonangium. At that moment, oocytes are oval with excentric germinal vesicles located closer to animal pole (Freeman, 1996; Freeman & Miller, 1982; Thomas & Edwards, 1991) . After the onset of cleavage, the embryo loses external evidence of polarity. 
| Proliferation dynamics
The dynamics and pattern of proliferation during embryonic development of G. loveni revealed in this study differs from that described for athecate Hydractinia echinata (Kroiher, Plickert, & Muller, 1990; Plickert, Kroiher, & Munck, 1988) . Starting from 34 hr of development, the larvae of H. echinata show regions depleted of proliferating cells. At first that is the oral terminus of the planula, and the region free of dividing cells gradually spreads towards the middle part of the larva. A bit later-54 hr of development-the cell cycling declines at the anterior pole of the larvae. Cessation of proliferation activity is observed at first in the ectoderm but then extends to the endoderm too (Kroiher et al., 1990) . In the competent planula of H. echinata only the endodermal cells in the middle part continue proliferation. Such pattern of proliferation in competent planula correlates with the distribution of the i-cells (Plickert et al., 1988; Van De Vyver, 1964 , 1980 . During G. loveni early development there is no sign of regional depletion of proliferation ( Figure 6 ). Proliferation activity slowly goes down after the onset of gastrulation but continues in both cell layers. At the preplanula stage, ectodermal and endodermal cells keep proliferation activity without any distinct regionspecific patterning. Only the endoderm at the aboral pole displays lower proliferation activity due to the onset of epithelization and increasing number of highly vacuolated cells leading to overall decreasing of the cell density within this region (Figure 6c,d) . We can assume that this decrease in proliferation activity correlates with early onset of aboral endoderm differentiation into supportive cells.
According to the previous studies (Martin, 1990; Martin & Archer, 1986; Plickert et al., 1988; Polteva & Aizenstadt, 1980) Planula-larva tissue organization differs from that of the polyp stage. Ectoderm of the competent larva consists of the cell types necessary for the planula-larva movement and onset of metamorphosis. In the course of metamorphosis part of the larval cells is lost via apoptosis (Seipp, Schmich, & Leitz, 2001; Seipp et al., 2010; Wittig, Kasper, Seipp, & Leitz, 2011) In studied athecate species, the planula is more differentiated than in thecate species: besides ectoderm, the endoderm is epithelized to surrounding inner (gastric) cavity (Kraus et al., 2014; Pennati et al., 2013; Piraino et al., 2011; Weis & Buss, 1987) . (Pennati et al., 2013) . It looks like that in athecates most of the larval tissue is terminally differentiated and similar to that of the polyp stage. That is why cell proliferation in H. echinata continues only in the middle part of the larva endoderm where the i-cells are concentrated (Plickert et al., 1988; Van De Vyver, 1964 , 1980 . Proliferating endoderm larval cells can be found later on in the middle part of the primary polyp (Kroiher et al., 1990) , the region that can be compared with the cell belt below the tentacles in Hydra (Aufschnaiter et al., 2011; Bode et al., 1986) .
Therefore, primary hydranth tentacles, hypostome and stolon tips are constructed on the bases of differentiated larval cells. No new cell types are needed for metamorphosis as the planula-larva resembles the polyp in its cellular composition (Groger & Schmid, 2001; Plickert et al., 1988; Tardent, 1978) . So, in studied athecate species, there is essential succession between larva and primary polyp tissues.
In thecate G. loveni metamorphosis is attended by dramatic reorganization of the planula tissues. However, this metamorphosis is not catastrophic as it is not accompanied by massive apoptotic events. According to ultrastructural studies (unpublished personal data), only larval secretory cells and cells of the nervous system are eliminated. But it requires differentiation and partial redifferentiation of a significant number of cells. After attachment, the larva flattens over the substrate and not long after gets covered with perisarc (rigid outer skeleton) (Marfenin & Kosevich, 1984a) . At the polyp stage, the perisarc is secreted by the ectodermal epitheliomuscular cells and additionally hardened by secretion of specific gland cell-morular cells (Kossevitch, Herrmann, & Berking, 2001) absent in larva. In the course of attachment plate formation, the endoderm undergoes final epithelization. In an hour or two, the shoot growing tip with its specific cellular organization (Kosevich, 2006a,b) 
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